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The three-dimensional structures of an antibody to a 
peptide and its complex with the peptide antigen have 
been determined at 2.8 A resolution. The antigen is a 
synthetic 19-amino acid peptide homolog of the C helix 
of myohemerytnrin (Mhr). The unliganded Fab' crystals 
arc orthorhombic with two molecules per asymmetric 
unit, whereas the complex crystals are hexagonal with one 
molecule per asymmetric unit. The Fab' and the Fab'- 
peptidc complex structures have been solved indepen- 
dently by molecular replacement methods and have crys- 
tallographic R factors of 0.197 and 0.215, respectively, 
with no water molecules included. The ammo-terminal 
portion of the peptide sequence <NH 2 -Glu-Val-Val-Pro- 
His-Lys-Lys) is clearly intcrpretablc in the electron densi- 
ty map of the Fab'-peptide complex and adopts a well- 
defined type II p-turn in the concave antigen binding 
pocket. This same peptide amino add sequence in native 
Mhr is ot-hclicaL The peptide conformation when bound 
" to the Fab' is inconsistent with binding of the Fab' to 
native Mhr, and suggests that binding can only occur to 
conformational^ altered forms of the native Mhr or to 
apo-Mhr. Immunological mapping previously identified 
this sequence as the peptide epitope, and its fine specific- 
ity correlates well with the structural analysis. The bind- 
ing pocket includes a large percentage of hydrophobic 
residues. The buried surfaces of the peptide and the 
antibody are complementary in shape and cover 460 A 2 
and 540 A 2 , respectively. These two strucnires now 
enable a comparison of a specific monoclonal Fab' both in 
Its free and antigen complcxcd state. While no major 
changes in the antibody were observed when peptide was 
bound, there were some small but significant side chain 
and main chain rearrangements. 



THE DECENT STRUCTURE DETERMINATIONS OF FIVE MONO 
cional antibody Fab fragments with their respective protein 
antigens (J-4) have revealed the detailed specificity of anti- 
body-antigen interactions. In each case the antibodies have a high 

complementarity of fit with their antigens. While close examinations 
of these complexes have helped to answer many of the questions 
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concerning die structural basis of immune recognition, the question 
of whether antibody-antigen association can be described by a lock 
and key mechanism or by a handshake or induced fit mechanism is 
still the subject of debate. In order to answer such questions, the 
structures of both the free antibody and antigen must be determined * 
in addition to the structure of the antibody-antigen complex. For 
the five reported complexes, the structures of the two -antigens 
lysozymc and neurarninidasc arc known, but no structures of the 
respective free Fab's arc available, although a partial structure of the 
unliganded D1.3-iysozymc Fab has been reported but not described 
(5). 

Many monoclonal antibodies arc not directed specifically against 
intact proteins. In particular, antibodies to synthetic antigens such as 
peptides constitute many of .the monoclonal antibodies in use. 
Synthetic peptides corresponding in amino acid sequence to surface- 
accessible regions of a protein can elicit antibodies that recognize 
both peptide and protein (6*). Antibodies to peptides have been used 
successfully to detect conformational changes in proteins (7) and for 
the purification of cloned and expressed proteins by fusing a short 
peptide epitope to their amino or carboxyl ends (8). Peptides have 
also been used to elicit neutralizing antibodies for foot-and-mouth 
disease (9), poliomyelitis (10), hepatitis B virus (11), malaria (12), 
and human immunodeficiency disease virus (75). While we arc now 
beginning to understand the requirements for antibody-antigen 
recognition between antibodies to proteins and their antigens, 
almost nothing is known in structural terms about how an antibody 
to a peptide can bind both peptide and protein antigen. 

Further understanding of antibody-peptide recognition should 
also allow us to improve on the design of synthetic peptides to 
induce catalytic antibodies capable of peptide bond hydrolysis. 
Successful catalytic antibodies to peptide analogues arc known (14) 
as well as antibodies to various nonprotein immunogens including 
synthetic transition state analogues of organic reaction site intcrmc- 



Table 1. Data, collection statistics for Fab'-peptide complex and native Fab' 
crystals. Data were collected with a Stcmens-Nicolct-Xentrorucs area detec- 
tor mounted on an Elliott GX-18 rotating anode x-ray generator operating at 
40 kV, 55 rnA, with 100-ftm focusing optics. The Fab'-peptide complex 
data were collected from one crystal; the native Fab' data were collected from 
two crystals. Difiraction falls off rapidly at higher resolution as reflected in 
the R tYm value. 
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Complex P6 3 22 2.8 77906 26851 28967 22966 0.142 
Free P2,2,2 I 2.77 222264 25069 31299 24033 0.129 
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Table 2. Rotational and transitional parameters relating the light and heavy 
chains of the variable and constant domains. The elbow angle is the angle 
->erwecn the two pseudo-twofold axes of the variable and constant domain. 
Domains were superimposed with the use of the program OVBXAP (47) 
nibow angles were calculated by the program ELBOW (48), The same set of 
sfv3e domain Ca cc^rciLtes^ 19-24, 34-39, ^ 68-70, 
77_gl 90-93, 107-109 for the heavy chain and 4-6, 20-25, 33-38, 45- 
48 63-65 70-74, 86-89, 102-104 for the light chain) and 29 constant 
domain Oi coordinates (120-123, 139-144, 153, 156-157, 171-173, 
187-192 208-211, 220-222 for the heavy chain and 114-117, 131-136, 
145 147-148, 159-161, 175-180, 194-197, 206-208 for the ligfc chain) 
were used to superimpose the heavy chain onto the light chain for each ofthc 
three Fab' structures in the table. Coordinates used for the overlap are from 
conserved £ sheet regions. The relative geometry of the Eght and heavy 
chains can be calculated in more than one way. For pairwise comparisons the 
entire V L domain (residues 3 to 110) of one Fab is superimposed onto the 
V L domain ofthc other structure, and the rotation and translation needed to 



then superimpose the V H domains (3 to 112) is calculated. Such calculations 
(49) show that there arc small but possibly real changes in the relative 
geometry of the unligandcd and liganded Fab's. Relative rotations of 2.2* 
were required to refit the V H domains of cither of the uniiganded Fab' 
fragments onto the peptide bound Fab'. The comparable rotation relating 
the two uniiganded Fab' fragments was 0.8°. 
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diatcs (25). The variety of biological catalysts that can be produced 
by taking advantage ofthc immune repertoire as an almost infinite 
source of highly specific and highly complementary binding sites is 
therefore essentially limidess. 

The importance of specific rccogrdrion of peptides by the immune 
system has been emphasized through the finding that foreign 
antigens arc processed into short peptides before being presented by 
class I or dass II major histocompatibility complex (MHC) antigens 
to die cellular T cell system. Crystal structures have been determined 
for two histocompatibility glycoproteins, HLA-A2 (16) and HLA- 
Aw68 (17). In each of these structures, electron density is seen in 
the antigen-binding cleft that presumably is that of a peptide antigen 
(16, 77). Based on sequence homology, proposals have been made 
thatT cells share the immunoglobulin fold and recognize antigens in 
a manner similar to that of antibodies (IS). Dual recognition of 
MHC and peptide by T cells may require their equivalent comple- 
mentarity dctcrrnining regions to be used for both interactions. 
Models indicate that residues corresponding to hypervariable heavy 
chain H3 and light chain L3 loops in T cells may play important 
roles in the peptide recognition event (18). 



To better understand these mechanisms of antibody-peptide 
recognition we have systematically undertaken the structure deter- 
mination of several antibodies to peptides and their peptide com- 
plexes (19, 20). We now describe one of a series of antibodies that 
recognize a synthetic homolog of the C helix of myohemcrythrin 
(Mhr)— residues 69 to 87; EWPHKKMHKDFLEKIGGL (22)— 
and of apo-Mhr. 

Mhr is a protein made up of four a helices, whose structure has 
been solved and refined to high resolution (22). It has been the focus 
of several studies designed to predict areas of a protein that might be 
immunogenic (23, 24). Monoclonal antibodies to the synthetic Mhr 
C helix have been examined for affinity to peptide, apo-Mhr, and 
native Mhr (24). The epitopes on the peptide for each antibody were 
also determined. Three epitopes were localized; amino acid (aa) 
residues 69 to 73 (EWFH), residues 79 to 84 (DFLEKI) y and 
residues 86 to 87 (GL). The structure of mis 19-aa synthetic peptide 
has been examined in solution by both circular dkhroism (CD) and 
two-dimensional (2-D) nuclear magnetic resonance (NMR) spec- 
troscopy (25). The NH 2 -tcrminal region of the peptide shows no 
stable secondary structure in water solution while the COOH- 



Flg. 1. (A) Electron density corresponding to the 
bound Mhr C-hclix pcpddt in a difference map 
calculated at 2.8 A resolution with (F 0 - F c ) as 
coefficients and where the F c *s were calculated 
with the use of only the coordinates for the Fab' 
BI3I2. The F c 's were scaled to F 0 *s in equivalent- 
sized shells of reciprocal space. The electron den- 
sity was intcrpretabic for the peptide sequence 
EWPH. (B) Electron density of the peptide after 
subsequent refinement of the structure and build- 
ing into the peptide omit map shown here provid- 
ed a clear interpretation for the Lys 74 and Lys 73 
side chains of the peptide. [Electron density is 
displayed with the use of the program FRODO 
(35) on a Silicon Graphics IRIS personal display 
system]. 
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terminal region (residues 78 to 85) exists as a "nascent helix" (25). 

We now describe -the structures of an antibody to a peptide and its 
complex with its peptide antigen. The antigen, although relatively 
small compared to most proteins, forms many specific interactions 
with the Fab' which arc not substantially different from those of the 
previously reported protein-Fab complexes (1-4). Conclusions 
drawn from the comparison of the free and peptide-bound Fab' 
structures reported here can now be added to our growing knowl- 
edge of the structural basis of antibody-antigen recognition. 

Crystallization and data collection. Crystals were grown as 
described (19). The Fab'-peptide complex crystals grow in space 
group P6 3 22 (a = b = 142.5 A, c = 101.5 A) with one Fab'- 
peptide complex per asymmetric unit. These crystals arc grown from 
1.85M phosphate at pK 5.75 and exhibit external hexagonal mor- 
phology. The Matthews coefficient (V u ) of the crystals (26) is 2.99 
A 3 per dalton with the protein occupying 41 percent of the volume 
of rhc crystal, if we assume a protein partial specific volume of 0.74 
em 3 /g and 49,800 daltons as the molecular mass for the Fab'- 
peptide complex. The unligandcd Fab' crystals grow in space group 
P2|2i2 t (a = 98.0 A, b = 151.7 A, c = 80.8 A) with two Fab' 
molecules per asyrrimetric unit. These rectangular rod-shaped crys- 
tals arc grown from 1.1 Af sodium citrate, 1 percent methylpcntanc- 
diol at pH 6.0. The native crystals have a K M value of 3.16 A 3 per 
dalton and the 49,760-dakon Fab' occupies 39 percent of the 
volume of the crystal. Both crystal forms dnrract to at least 2.6 A 
resolution although diirraction below 3.0 A is weak. Nevertheless, 
both Fab' and Fab'-pcptidc complex crystals have long lifetimes in 
the x-ray beam (1 to 2 weeks on an Elliott GX-18 rotating anode 
operating at 40kV, 55 mA) and thus allow complete data sets to 2.8 
A resolution to be collected from just one crystal. X-ray dinracrion 
data were collected (with a Siernens-Nicoict-Xentronics multi-wire 
area detector) and reduced JXENGEN package of programs (27) 
(Table 1}]. 




Table 3. Hydrogen bonds and salt bridge interactions in the Fab '-peptide 
complex. Those residues which have atoms dose enough (<3.4 A) to form 
potential hydrogen bonds arc listed. Seven of these hydrogen bonds arc from 
the heavy chain and two from the light chain. The salt bridge involves two 
residues from the light chain. HI, H2, H3, LI, and L3 refer to heavy chain 
CDR's 1,2,3 and light chain CDR's 1, 3. 
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Glu 69 Oel 
Glu 69 Oel 
Glu 69 Oe2 
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Structure solution. Both structures were solved by molecular 
replacement (MR). The Fab '-peptide complex structure was solved 
first and the Fab' portion of the structure was -then used as a model 
to solve the free Fab' structure. For die Fab '-peptide -complex 
structure solution, seven different Fab and Fab' fragments were 
tested as potential MR 'models. Coordinates for these models 
[NEWM (28), McPC603 (29), KOL (J0).J539 (31), HyHEL-5 (J), 
and HyHEL-10 (4)] were taken from the Brookhavcn Protein Data 
Bank. One additional coordinate set was obtained from within our 
laboratory [17/9 (32)]. 

Antibody Fab fragments consist of two structural domains con- 
nected by a flexible hinge or elbow. This elbow angle has been seen 
to vary from around 130° to 180° in known Fab structures (35). 
Because of this flexibility between the two domains, it is necessary 
for the rotation and translation functions to be calculated separately 
for each. Hie correct solutions are often still difficult to detect 
because of die nonidcality of the model used in the MR calculations. 
The structure solution for the hexagonal crystal form was made 
especially difficult because each probe domain represented only 
l/24th of the protein scattering matter in the crystal unit cell Prior 
to rotation function calculations, the variable and constant domain 
coordinates for die seven Fab models were superimposed so that the 
planes containing the elbow angles were perpendicular to the z axis. 
Rotation functions were calculated for the different models with the 
use of the MERLOT programs for MR (34). For each domain, one 
rotation solution was found in common among the seven models. 
The variable domain of Fab KOL and the constant domain of Fab 
17/9 were then chosen for the translation search. The translation 




Table 4. van dcr Waals contact residues in the Fab '-peptide complex. The 
cutoff distance for van dcr Waals contacts was 4.1 A. The heavy chain CDR's 
1,2,3 and light chain CDR's 1,2,3 arc represented by HI, H2, H3, LI, L2, 
L3. Six of the contact residues arc from the light chain and 12 are from the 
heavy chain. 
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Fig. 2. Comparison of die free and pcpridc-complexcd B13I2 Fab' struc- 
tures. The Ca coordinates for the two Fab' molecules in the native 
asymmetric unit were superimposed onto the Ca coordinates for the Fab' 
from the Fab'-pcptidc complex structure. The Fab' from the peptide 
complex strucrorc is shown in white and the two unligandcd Fab's in blue 
and yellow. The variable and constant domains were superimposed separate- 
ly with the use of the program OVRJLAP (47) {tube models calculated with 
the program MCS written by M. L. Connolly). 
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problem was solved with the correlation coefficient search program 
BRUTE (35) in combination with packing information from the 
program PAKFUN in the MERLOT package {34). Models posi- 
tioned with parameters derived from BRUTE were then subjected 
to several cycles of rigid body refinement with CORELS {36). 
During final cycles of rigid body refinement the variable heavy, 
variable light, constant heavy, and constant light chains were 
allowed to move as four separate rigid bodies in order to allow for 
differences from the input model in variable heavy to variable light 
or constant heavy to constant light pairings. The R factor after 
CORELS refinement for all data between 10.0 A and 3.2 A 
resolution was 0.451 percent. 

This model was further refined with X-PLOR {37). Simulated 
annealing refinement with X-PLOR gave a model with an R factor 
of 026 for all data between 8.0 to 3.0 A resolution. At this rime, the 
nucleotide sequence for the variable domain of B13I2 became 
available {19). Constant domain sequences were taken from.rcprc- 
scntative mouse XgGl ( immunoglobulin G-l) heavy chain and 
mouse kappa light chain sequences {38). The side chains of residues 
not conserved between the MR model and Fab' B13I2 were 
truncated to Cg's, and the model was refined by simulated annealing 
for one cycle. Most of the truncated* side chains were then clearly 
visible in a 2F 0 — F c electron density map and rebuilt with the 
molecular model-building program FRODO {39). 
Each hypervariablc loop was then sequentially omitted from the 



model during refinement and structure factor calculation and man- 
ually rebuilt. The entire model was then rebuilt into a series of 
"omit" maps where sequentially 10 percent of the structure was left 
out for a round of positional refinement and structure factor 
calculation. The R factor was then 0.24 for all data between 8.0 and 
2.8 A resolution. The last five residues of the light chain were not 
included in the model because they were not visible in the electron 
density map. 

A difference electron density map with (F Q — F c ) as coefficients 
now showed no significant features except for strong density (about 
5<r to 6a) in the antigen binding site which was interpreted for nine 
residues of the 19-aa peptide antigen (Fig. 1A). The high quality of 
this electron density allowed us to immediately recognize the 
sequence EWPH. This sequence is at the NH2-rcrminal end of the 
peptide (residues 69 to 73) and was previously considered from 
epitope mapping data to be the determinant of this antibody (24). 
The next four amino acids did not have easily identifiable side chain 
density and were built as alanines. These nine amino acids were 
incorporated into the model which was then refined with a round of 
simulated annealing refinement with X-PLOR. Group temperature 
factors where side-chain atoms and main-chain atoms of each 
residue have a different temperature factor were included at this 
point. The R factor after this refinement for data between 8.0 and 
2.8 A resolution greater than 2a was 0.215 (R - 0.23 for all data) 
At this point the side chain density for peptide residues 74 to 75 was 
intcrpretable but the side chains of residues 76 and 77 could not be 
unambiguously placed because of rather weak electron density. 
Current omit maps where the peptide has been deleted from a cycle 
of refinement and subsequent structure factor refinement have very 
clear electron density for the peptide through Lys 75 (Fig. IB). In 
our current model only the sequence EVVPHKK is included. At 
present, the root-mean-squarc (rms) deviation from ideal- 
ity for bond lengths is 0.022 A and for bond angles is 4.40° for the 
Fab' -peptide complex. 

The Fab' coordinates from the Fab '-peptide complex structure 
were then used to solve the native Fab' structure by MR. The 
volume of the unit cell of the uniiganded Fab' crystal form indicated 
the presence of two Fab" molecules per asyrnmctric unit. A self- 
rotation function showed the presence of a nonaystallographic 
twofold symmetry axis. Cross-rotation functions between native 



Fig. 3. (A) Stcrcovicw of j 
the stnicturc of the Fab'- 
pepode complex. The dark 
blue chain corresponds to 
the heavy chain of the Fab' 
and the Ught blue chain cor- 
responds to the light chain 1 
of the Fab'. Seven of the ] 
peptide residues of the Mhr j 
C helix can be unambig- 
uously placed in the electron j 
density map at present and \ 
are shown in red bound in 
the antigen binding pocket of the Fab'. The peptide has more interactions 
with the heavy chain than with the light chain. (B) Stereoview of the 
structure of the Fab'-pcptidc complex in a space-filling representation. The 
peptide (shown in red) can be seen embedded in the antigen binding pocket 
and sandwiched between Phe 100 and Phe 5 * from the heavy chain. The Fab' is 
in the same orientation as shown in (A). Space-filling models were calculated 
with the program INSIGHT (Biosytn Technologies on a Silicon Graphics 
Personal Iris). (C) Space-filling representation of the interaction of the 
peptide with the hypervariable loops (CDR's) of the Fab' as viewed looking 
into the antibody Five of the six CDR's (HI, H2, H3, LI, and L3) interact 
with the peptide, whereas L2 does not make contact with the peptide. The 
peptide is shown in red and the CDR loops arc colored as follows: LI, dark 
blue; L2, magenta; L3, green; HI, cyan; H2, pale magenta; H3, yellow. 
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data and models were calculated with MERLOT, and the two 
highest rotation solutions (one for each molecule in the asymmetric 
unit) were related by this noncrystallographic twofold axis. 
Crowthcr-Blow translation functions were calculated with MER- 
LOT, and correct translations were verified by a BRUTE correlation 
coefficient search. The BRUTE model was then refined with 
CORELS with the variable light, variable heavy, constant light, and 
constant heavy chain from each Fab' in the asymmetric unk again 
being allowed to move as independent rigid bodies. The R factor 
after rigid body refinement was 0.355 for all data between 10.0 and 
3.5 A- The structure was then refined with X-PLOR to give an 
R factor of 0.203 for all data greater man 2cr between 10.0 and 2.8 
A after one round of simulated annealing refinement. Ten omit 
maps were calculated as previously described, and the model was 
rebuilt into these maps. The model was then refined with a round of 



Table 5. The rms deviations (in angstroms) between the free and bound 
Fab' structures. The terms native 1 and native 2 refer to the two molecules in 
the asymmetric unit of the free (or unbound) structure. The lig^it variable 
and me heavy- variable domains were superimposed with Ca positions for 
Fab' framework residues as defined in Kabat et al. {38). The rms deviation is 
for only those framework Ox atoms. The light and heavy constant domains 
were superimposed with all Ca positions, and the rms deviations arc for 
those atoms. 

Light Heavy 

Constant 

Comparison V ff* °> a - V ff' AM Without 

able stant able fcsi . roiducs 

dues 129-135 

Native 1 vs. native 2 0.58 0.63 0.44 0.90 0.64 
Native 1 vs. complex 0.47 0.70 0.53 1.35 0.89 
Native 2 vs. complex 0.54 0.74 0.57 1.61 1.01 



X-PLOR simulated annealing refinement to give an R factor after X- 
PLOR refinement with group temperature factors of 0.197 for all 
data greater than 2a {R = 0.202 for all data). The five COOH- 
terminal residues of the light chain were visible in the electron 
density for each Fab' molecule and were included in the native 
model. At present, the rms deviations from ideality for bond lengths 
is 0.021 A and for bond angles it is 4.22° for the free Fab'. The 
noncrystallographic twofold symmetry relating the two Fab' mole- 
cules in the native structure was not enforced during refinement. No 
water molecules have been included in cither the native or complex 
structures. In both free Fab' and complex crystal forms additional 
density is also found attached to Asn 26 of the light chain, which is a 
potential glycosyiation site (Asn 26 , Gin 27 , Thr 27 *). 

The solvent-accessible surface areas on the Fab' and the peptide 
were calculated with use of the program MS (40), with a 1.7 A 
probe radius, and standard van dcr Waals radii (41). The cutoff for 
assignment of van dcr Waals contacts was 4.1 A and the cutoff for 
hydrogen bonds was 3.4 A. Numbering of the pcpridc-Fab' com- 
plex structure and the two independent Fab' molecules in the native 
structure is according to standard convention (38). 

Structure description. The free and the peptide bound Fab' 
structures share the immunoglobulin fold found in all known Fab 
structures as judged by the polypeptide chain traces of the three 
molecules as shown superimposed in Fig. 2. The elbow angles for 
the Fab' arc similar for the native and peptide bound forms and fall 
in the midrange of elbow angles seen, previously in other Fab 
structures. The elbow angles and rotational and translational param- 
eters relating the light and heavy chains of each domain for both 
crystal forms arc shown in Tabic 2. 

The peptide epitope consists of the first seven amino acids of the 
19-chain which arc bound in a concave pocket in the antibody 
combining site (Fig. 3). The peptide exists in a type II p-tum 
conformation involving residues Vai 71 , Pro 72 , His 73 , and Lys 7 *. The 
second and third residues of the turn arc the most deeply buried 



Fig. 4. (A) Stcreovicw of the Fib 7 residues 
which hydrogen bond to the peptide (red) 
in the antigen binding pocket. The side 
chains of Fab' residues that are involved in 
hydrogen bonding arc shown in yellow. 
The Ca trace of the Fab' light chain is 
shown in light blue, the heavy chain in 
dark blue. (B) Stcreovicw of the hydro- 
phobic and aromatic Fab' residues inter- 
acting with die peptide in the antigen 
'binding pocket. The side chains of these 
Fab' residues arc shown in yellow and the 
peptide in red. The light and heavy chains 
arc colored as in (A). The residues in both 
(A) and (B) are numbered according to 
standard convention (38). 
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residues of the peptide. There are nine hydrogen bonds and a charge 
interaction between the Fab' and peptide. The charge interaction is 
between residue Lys 75 of the peptide and residues Asp; and Asp 
from the lischr cham complcmentarity-dctcrmming region (CDR) 
LI ofthc Fab'. Peptide residues GIu 69 , Val 70 , and His 73 arc involved 
in hydro-en bonding to the Fab'. Residues Tyr 32 and Gly from the 
?ight cSn and ScA Scr»\ Oy» Set* Tyr- and Pro- from the 
heavy chain form hvdrogen bonds with the peptide (Table 3). 

Thus, residues directly involved in hydrogen bonding or charge- 
charge interactions with the peptide come from CDR's LI, L3, H2, 
and H3 (Fig. 4A). Tnc seven peptide residues make 65 pauwisc van 
der Waals contacts with the Fab' residues Asp 28 Asp , Tyr* , Glv , 
Val* 4 and Pro 96 from die light chain and hrg\ Ala , lie , bcr , 
Set 52 * Gh- 53 , So* Tyr 36 , Phe* Tyr 95 , Pro", and Phc 100 from the 
hcaw chain flable 4)." These residues arc from CDR's LI, L3, HI, 
H2, 'and H3 as well as a few framework residues. Twelve of die van 
derWaais contacts arc with the light chain, and 53 of the van der 
Waals contacts arc with the heavy chain. There are several residues 
that arc buned bv the binding of the peptide but arc not within van 
der Waals contact distance: Leu 270 from the light and Cys , Trp , 
Glv 50 , Ser 96 , Ser 97 , and Asp 98 from the heavy chain. As in several 
other antibodies and a light chain dimcr [HyHEL-5 (3), D1.3 (1), 
McPC603 {29U TE32, TE33 (42), and Meg (43)} there is a high 
percentage of aromatic residues in the B1312 antigen binding pocket 
(Fie. 4B). The buried surface area on the Fab' is 540 A and the 
peptide buried surface covers 460 A 2 , an indication that the surfaces 
arc highlv complementary although the fit is not exact (Fig. 5). Of 
the buried Fab' surface, 78 percent consists of heavy chain residues 
while only 22 percent of the surface is attributable to light chain 

residues. . 

The rms deviation between the two native variable light chains tor 
80 Ca atoms in the framework region (1 to 23, 35 to 49, 57 to 88, 
98 to 107} is 0.58 A. The corresponding rms deviation between the 
two native variable heaw chains for 85 Ca atoms in die framework 
region ( 1 to 30, 36 to 49, 66 to 94, 103 to 1 13) is 0.44 A. The rms 
deviation between the two native constant light chains is 0.63 A and 
between the constant hcaw chairls is 0.90 A. The heavy chain of the 
constant regions appears to be disordered between residues 129 to 
135; electron density for this region is poor, and the region has 
higher than average temperature factors. Deletion of residues 129 to 
135 from the overlap and rms deviation calculation gives an rms 
deviation of 0.64 A for the two native constant heavy chains. The 
rms deviations between each of the molecules in the native crystal 
form and the complcxed Fab' arc similar to the deviations seen 
between the two native Fab' fragments in the same asymmetric unit 
/Table 5). 

Antibody-antigen interactions. The above structural data pro- 
vide further information that should help resolve some of the 
fundamental questions of immune recognition. The question of 
whether a peptide immunogen adopts a defined secondary structure 
or anv regular structure at all is addressed by analysis of the Fab'- 
peptide complex structure. Whether the conformation of the pep- 
tide in the Fab'-pcptidc complex is the same as the peptide 
conformation in the intact protein can now be answered for this 
particular immune complex. The previously unresolved question of 
whether an antibody changes conformation upon antigen binding is 
answered on the basis of the structure determinations ofthc free and 
complcxed Fab' structures. 

The antigen binding regions of the two free Fab' molecules in the 
same asvmmctnc unit and the peptide bound Fab' molecule are 
shown superimposed by domain in Fig. 2. There are no large mam 
chain deviations among the three molecules and there appear to be 
oniv small side chain and main chain differences between the two 
free Fab' molecules as well as between the peptidc-bound Fab' and 
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Fig. 5. Comparison of the peptide and Fab' surfaces buncd in the ^igcn- 
antibodv complex. The solvent accessible surfaces of the peptide and die Fab 
that arc'buried upon peptide binding are complementary m size and shape. 
The area of the buried surface for peptide is 460 A and for Fab is =>40 A. 
Only the coordinates for the peptide arc shown for danry. Buncd surfaces 
were calculated with the program MS (38) and displayed with the program 
FRODO (35) on a Silicon Graphics Personal IRIS. 

the free Fab' molecules. The most striking side chain movement in 
the Fab'-pcptidc complex structure is that of Phc 100 from the hcaw 
chain (Fig. 6). The center of gravity* of the ring has moved 1.74 
A from the center of gravity of the ring in native molecule 1 and 
2.13 A from the center of gravity of the ring in native molecule 2 in 
a comparison of the superimposed coordinate sets. The Ca positions 
in this region of the heavy chain have also moved with respect to 
their equivalent positions in- the native molecules; Ca for Pro has 
moved an average of L24 A, Ca for Phc 100 has moved an avcragcof 
1.20 A, and theCa for Tyr 1008 has moved an average of 1.04 A. The 
movement of this section of main chain and the Phc 1 nng is away 
from the peptide binding site presumably to permit the peptide to 
bind. If the peptide is positioned in the structures of mc native 
molecules in this superimposed orientation, there are close contacts 
between the peptide and this loop. There are also mam chain 
variations of up to 2,0 A in the CDR loop LI. However, the 
deviation between the two native LI loops is as large as that seen 
when cither native LI loop is compared to the complex LI loop^ 
This long LI loop appears somewhat disordered in both native and 
complex electron density maps and refines with higher than average 
temperature factors. The environment of this loop also differs in 
each of the free and complex structures. The corresponding loop in 
McPC603 also appears to have a disordered structure {29). 

The areas ofthc buried surfaces of the Fab' and the peptide are 
540 and 460 A 2 , respectively, which are perhaps larger than was 
expected for Fab-pcptidc interactions. These areas are only slightly 
smaller than those seen previously for antibody-protein complexes 
[HvHEL-5, 750 A 2 for both antibody and lysozyme; HyHEL-10, 
720 A 2 for the antibody and 774 A 2 for lysozyme; and D 1 .3, 690 A 
for the antibody and 680 A 2 for lysozyme (44)]. Corresponding 
buried surface areas for antibody-haptcn complexes are, as expected, 
smaller [McPC603, 161 A 2 for the antibody and 137 A for 
ohosphocholine; and Fab 4-4-20, 308 A 2 for the antibody and 266 
A for fluorescein (44)]. 

Comparison of these free and bound Fab' B1312 structures 
further supports the theory that variations m the elbow angle are 
due merely to Hcxibilirv of the antibody and are not a result ot 
antigen binding (44). The variation in elbow angles between two 
Fab' fragments in the same crystal asymmetric unit is comparable to 
the difference in elbow angle between the native Fab and the 
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Fig- 6. Stcrcoviov of a confomudonal diffcr- 
cncc between the free and pepddr-bound Fab'. 
The m CDR around Phc ,0 ° displays the largest 
differences between die unbound and the bound 
Fab' that can be attributed to die peptide 
binding. This region of die two nadvc mole- 
cules is shown in green superimposed on the 
same region of the pcpridc-Fab' complex (red). 
The pepddc is shown in yellow. Displacements 
of the backbone and side chain atoms arc appar- 
ent. For example, the ring ofPhc 100 has moved 

from its position in the nadvc Fab' by more 

dun 1 A in the pepddc-Fab' complex. Local 

movements in this H3 loop appear to be neces- 
sary to avoid a stcric dash when the peptide 

binds to the nadvc. Differences in the LI loop 

can also be seen in Fig. 2. However, the LI 

loops of the two unbound Fab' fragments differ 

from each other more than they do from the 

complex. Hence, no significance can be placed 

coordinates were displayed with the program FRODO (35) on a SiHcon Graphics Personal IRIS. 



peptide bound Fab' (Table 2). Small differences can also be 
calculated for the relations between the variable light and variable 
hcaw domains when the unligandcd Fab' fragments arc compared 
with the peptide complcxcd Fab'. These differences in the relative 
geometrical disposition of the ligand-free versus ligand-bound Fab' 
fall in die range of 0° to 2 C (Table 2). As these calculations are 
sensitive not only to the actual residues used in the superposition 
anaivscs but also to die comparison method, we cannot be certain at 
present of any variation in the variable heavy to variably light 
pairings due to binding of antigen. Local conformational differ- 
ences, for example, in loop regions, can also affect the numerical 
results. Further examination of the variable heavy to variable light 
pairings will be made after further refinement with higher resolution 
data. 

The buried surface of Fab' B13I2 and that of the peptide are very 
complementary with only a few small pockets on the antibody . 
surface not filled by the peptide. The calculated buried surfaces arc 
shown ki Fig. 5. "Die number of hydrogen bonds, salt bridges, and 
van dcr Waals contacts seen in the pcptidc-Fab' complex arc similar 
to those seen in the HyHEL-5-lysozymc complex (3) and the 
HvHEL-10-lysozyme complex (4) (nine hydrogen bonds, one 
bifurcated salt link, and 65 van dcr Waals contacts for B13I2 
compared to ten hydrogen bonds, three salt links, and 74 van der 
Waal contacts for HyHEL-5; and 14 hydrogen bonds, one salt link, 
and 111 van dcr Waals contacts for HyHEL-10). 

The residues of the bound peptide that interact with the Fab' as 
seen in the x-ray structure arc in excellent agreement with epitope 
mapping results from an earlier immunological study {24). Replace- 
ment series ELISA's (enzyme-linked immunosorbent assays) where 
each residue of the epitope was replaced by each of the other 19 
amino acids showed that Glu 69 , Pro 72 , and His 73 are essential for 
binding; peptides where these residues were replaced showed very 
low levels of binding to antibody. In fact, these residues are involved 
in specific hydrogen bond interactions in the pcptidc-Fab' complex 
(Table 3 and Fig. 4A). Replacement scries ELISA's showed Val 7u 
and Val 71 to be less essential; other side chains can be substituted for 
these residues, especially Val 70 , while maintaining fairly high levels 
of binding. This is in agreement with the observation that the side 
chains of these two residues contribute relatively few specific 
interactions from the peptide to die antibody (Table 3 and Fig. 4). 
In the same study, significant binding was seen between antibody 
B 1312 and cither native Mhr or apo-Mhr in competition ELISA 
experiments. However, the apo-Mhr was found to bind a factor ot 
80 times more righdy than native Mhr. After examination of die 
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Fab'-peptidc structure, we found it hard to imagine how this Fab' 
could bind native Mhr without substantial rearrangement of the 
determinant residues in Mhr. In fact, in the pcptidc-Fab' complex, 
peptide residue His 73 is intimately involved in the binding pocket 
whereas in native Mhr, His 73 is coordinated to an iron atom 
internally and would be unavailable for binding to antibody. In light 
of these structural results, as well as further experimentation (45), wc 
now suggest that the positive competition (ELISA) results with 
native Mhr were brought about by conformational changes in the 
solution phase Mhr due to unknown causes. This observation is in 
agreement with the increased level of binding between B13I2 and 
apo-Mhr. In order to answer these questions one must solve the 
structure of the antibody while bound to intact Mhr. Current efforts 
to co-crystallize the highly interesting Fab' -apo-Mhr complex seem 
promising. 

The structure of the 19-aa long Ohclix peptide has also been 
' studied in solution by NMR and CD. Wc can now compare the 
structures of the peptide in solution, in the native protein and while 
bound to an antibody. In solution, the peptide shows no regular 
structure in the NH r terminal region. The COOH-tcrminal region 
of the peptide exists as a nascent helix; the peptide converts rapidly 
between a scries oftumlike structures (25). In the native protein, the 
entire peptide adopts an a-hclical conformation i22) with His'" and 
His 77 coordinated to the iron atoms in Mhr. In the crystal structure, 
the first nine amino acids of the peptide can be seen with the 
remainder of the peptide not visible and presumed to be disordered. 
As the side chains of Met 76 and His 77 arc not clear, these residues are 
not included in the model at present. This NH r tcrminal region of 
the peptide forms a tvpc 11 £-turn while bound to antibodv and is 
significantly different from either the peptide solution structure or 
the peptide structure in the native protein. It is interesting that 
although the peptide conformation that is recognized by the 
antibodv differs from that in the native protein, the antibody binds 
to the 'peptide in a well-defined secondary structure commonly 

found in proteins. , i ic\ 

A 6-aa sequence of die hcaw chain constant region (129 to 
of both the peptide bound Fab' and die native Fab' was especially 
difficult to visualize in die electron density maps, presumably due to 
disorder of the region. Examination of the temperature factors of 
other antibodv structures deposited m the Hrookhavcn Data Bank 
revealed a trend for larger than average temperature factors in this 
region. There is also higher than average sequence variability in this 
region according to the variability index for constant domain 
sequences as calculated by Rabat ft (.W). 
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More antibody-antigen complex structures arc needed for com- 
parison with the native antibody structures before we can map the 
full range of antibody-antigen interactions. These could include, for 
example, the structure of other monoclonal antibodies to peptides 
(19, 20) such as B13A2 (46), which recognizes the COOH-tcrrninal 
epitope of the Mhr C-hciix peptide. A comparison of the structure 
of die same C-helix peptide while bound to different Fab' fragments 
at two different epitopes should provide structural data to show the 
effect of environment on peptide conformation. Precisely how an 
antibody can bind to the same sequence in both a peptide and a 
protein remains to be determined. 
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The AAAS-Newcomb Cleveland Prize is awarded to the 
author of an outstanding paper published In Science. The value of 
the prize is $5000; the winner also receives a bronze medal. The 
current competition period began with die 2 June 1989 issue and 
ends with die issue of 25 May 1990. 

Reports and Articles that include original research data, theo- 
ries, or syntheses and are fundamental contributions to basic 
knowledge or technical achievements of far- reaching conse- 
quence are eligible for consideration of the prize. The paper must 
be a first-time publication of the author's own work. Reference 
to pertinent earlier work by the author may be included to give 
perspective. 



Throughout the competition period, readers are invited to 
nominate papers appearing in the Reports or Articles sections, 
Nominations must be typed, and the following information 
provided; the tide of the paper, issue in which it was published, 
author's name, and a brief statement of justification for nomina- 
tion. Nominations should be submitted to the AAAS-Newcomb 
Cleveland Prize, AAAS, Room 924, 1333 H Street, NW, 
Washington, DC 20005, and must be received on or before 30 
June 1990. Final selection will rest with a panel of distinguished 
scientists appointed by the editor of Science. 

The award will be presented at the 1991 AAAS annual 
meeting. In cases of multiple authorship, the prize will be divided 
equally between or among the authors. 
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